Abstract-A recently developed form of extremum seeking for time-varying systems is implemented in hardware for the resonance control of radio-frequency cavities without phase measurements. Normal conducting RF cavity resonance control is performed via a slug tuner, while superconducting TESLA-type cavity resonance control is performed via piezo actuators. The controller maintains resonance by minimizing reflected power by utilizing model-independent adaptive feedback. Unlike standard phase-measurement-based resonance control, the presented approach is not sensitive to arbitrary phase shifts of the RF signals due to temperature-dependent cable length or phasemeasurement hardware changes. The phase independence of this method removes common slowly varying drifts and required periodic recalibration of phase-based methods. A general overview of the adaptive controller is presented along with the proof of principle experimental results at room temperature. This method allows us to both maintain a cavity at a desired resonance frequency and also to dynamically modify its resonance frequency to track the unknown time-varying frequency of an RF source, thereby maintaining maximal cavity field strength, based only on power-level measurements.
I. INTRODUCTION
A. Motivation H IGH-ENERGY particle accelerators utilize radiofrequency (RF) resonant cavities, operating in the hundreds of megahertz to tens of gigahertz frequency ranges, to establish many million volt/meter electric field gradients to accelerate particles [1] , requiring high-power RF sources, such as megawatt-class klystron RF amplifiers [2] . RF systems are designed to operate at a fixed frequency, which is by design the resonance frequency of the accelerating mode of the RF cavity. However, once a cavity is built and installed, its resonant frequency is persistently perturbed during operation by external disturbances, such as temperature shifts and vibrations, which cause a geometry change of the cavity. For efficiency, resonant RF structures typically have extremely high quality factors (5e4 -1e6), resulting in narrow bandwidths (kilohertz to hertz). Therefore, despite uncertain time-varying external disturbances, a tight match must be maintained between the RF cavity resonance frequency and the design frequency of the RF system to avoid large power reflections, phase shifts, and Manuscript received February 13, 2016 ; revised May 31, 2016 ; accepted August 21, 2016 . Date of publication September 13, 2016 ; date of current version June 9, 2017. Manuscript received in final form August 22, 2016 . This work was supported by the Los Alamos National Laboratory. Recommended by Associate Editor G. Cherubini.
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Digital Object Identifier 10.1109/TCST. 2016.2604742 amplitude variation of the accelerating fields. Temperaturebased water cooling systems, which try to maintain a cavity at its desired resonance frequency, are relatively slow and inaccurate, typically able to maintain a cavity within ±0.1°of a desired temperature, on time scales of tens of seconds, and are completely unresponsive to vibration-induced resonance shifts. The coarse and slow resonance control provided by water systems alone is not sufficient. As the resonant frequency of an RF cavity starts to shift away from its design value, the cavity starts to reflect increasing portions of the input RF power, causing both the cavity fields to drop below their design values and also possibly damaging the RF source. A common way to protect a high-power RF source from reflected power is to use a circulator, which automatically redirects reflected power away from the RF source and into a load. However, circulators can be very large and expensive. If one can afford and fit a circulator for each high-power RF source, it will protect the system from large reflected power surges, but it will not help with maintaining the accelerating field amplitude. As a larger portion of the power sent into the cavity is reflected, the magnitude of the cavity field drops, and the output power of the RF source must be increased in order to maintain the desired set point. Typical resonance frequency drifts, due to temperature variation or physical vibration, if left uncompensated, quickly exceed the output capacity of and saturate the RF sources. Therefore, circulators are used as safety measures for RF sources, in the case of sudden large power reflections due to events such as arcs, but do not help with resonance control. Besides water-systembased resonance control, faster and more accurate methods for modifying the resonance frequency of an RF cavity are to use a conducting slug, which may be moved into and out of the cavity volume with a fast motor. In the case of superconducting cavities operating in a pulsed mode, there is an additional problem of field amplitude droops and phase shifts due to Lorentz force detuning, which take place on microsecond time scales and require high-speed and highaccuracy piezoelectric devices with submicrosecond response times and submicrometer position resolution.
Although motors and piezos can modify cavity resonance much faster than water-based temperature control systems, they face a problem of unknown control direction, that is, when a cavity starts to move off resonance and reflected power starts to increase, the direction in which the resonance has moved is unknown, unless one can accurately measure the phase difference between the input RF waveform and that of the cavity RF electromagnetic fields. When the two signals are in phase, the cavity is known to be at resonance and when their phase difference deviates from zero, it can be analytically related to a frequency shift, thereby informing the direction in which the slug or the piezo actuator should move, as discussed in more detail in Section III.
Unfortunately, phase-measurement-based resonance control systems suffer from multiple arbitrary time-varying phase problems.
1) A phase shift is introduced in the measurement process of RF signals by cables, connectors, and measurement devices, which must be compensated for by calibration. 2) Calibration must be repeated for every single phasesensitive device whenever maintenance takes place and any cables/connectors or other parts of the RF system are replaced or rearranged. 3) Once an RF system has been phasecalibrated, it will suffer continuous time-dependent phase drifts due to environmental thermal cycling affecting cable lengths. 4) Many of the phase difference measurement devices themselves are temperature sensitive and may introduce arbitrary time-varying phase shift into the signal. Therefore, even if a calibration is done and a cavity is maintained at its exact designed resonant frequency, arbitrary phase measurement differences will appear, causing the feedback to drive the cavity off resonance. The usual approaches to mitigating temperature-caused phase shifts are periodic recalibration, temperature-stabilized cables, and placing all temperature-sensitive equipment components in temperaturecontrolled environments, all time consuming and expensive approaches, which continue to suffer from smaller timevarying drifts.
A phase-independent approach to resonance control would be to minimize the reflected power from the RF structure. Reflected power minimization is the actual goal of resonance controller in the first place and is the measurement used for calibration. However, as stated above, the difficulty in using reflected power directly for resonance control is the problem of unknown control direction. When a resonant system moves off resonance, the direction in which a compensating slug tuner or piezo actuator must move is ambiguous because moving off resonance in either the positive or negative direction introduces the same increase in reflected power, as described in Section III. In this brief, we present the experimental results of applying an extremum seeking (ES)-based phase-independent RF resonance control approach, which utilizes only reflected power measurements.
ES is a model-independent approach for the optimization of dynamic systems [3] - [6] . ES has been used in diverse applications with unknown/uncertain systems, such as steering vehicles toward a source in GPS-denied environments [7] , active flow control [8] , [9] , control of a tunable thermoacoustic cooler [10] , wind energy [11] , controlling Tokamak plasmas [12] , electromechanical valve actuation [13] , and enhancing mixing in magnetohydrodynamic channel flows [14] . Recent developments include its application for control of uncertain nonlinear systems [15] , a nongradient approach to global ES [16] , a multivariable Newton-based ES scheme, for the power optimization of photovoltaic microconverters [17] , Newton-based stochastic ES [18] , and a time-varying ES control approach, for discrete-time systems [19] , and a broad review of developments of ES is summarized in [20] . Both the slug-tuner-and piezo-based approaches utilized in this brief, for tuning RF cavity volume in order to control its resonant properties, as described in the following, share some similarities with the work in [10] , where ES was utilized to tune the length of a Helmholtz resonator, thereby changing the impedance of the system, in order to optimize a thermoacoustic cooler. Unlike the ES approaches, the extremely high-frequency and high-speed approach described in this brief proved especially useful in the electromagnetic problem that we are considering, which requires extremely fast response/optimization times.
Recently, a form of ES for control (ESCO) was developed, which is able to stabilize and optimize unknown open-loop unstable time-varying systems, by utilizing the extremum seeker itself directly as the feedback control [21] , which has been utilized for applications such as simultaneously tuning 24 parameters in order to optimize the rise time of a high-voltage (100 kV in 50 μs) converter modulator [22] . In this brief, we utilize a bounded form of ESCO [23] , [24] , which has been implemented in hardware to tune particle accelerator RF buncher cavities based only on an extremely noisy measurement signal [25] and to nondestructively predict electron beam properties at a particle accelerator [26] .
ESCO is especially useful for an unknown, possibly openloop unstable, time-varying system of differential equations, with unknown and time-varying output functions of the forṁ
. . .
where x ∈ R n , the functions
and y(x, t) = h(x, t) + n(t) is a scalar noise-corrupted measurement of an analytically unknown function h(x, t),
where n(t) is random additive noise. It was proved in [23] , [24] that applying the feedback controller
where ω i,es = ω j,es for i = j , results in average system dynamicṡ
Remark 1: Two important features of (4) are as follows.
1) The uncertainty in control direction g(x, t) has been removed since g(x, t)g T (x, t) ≥ 0 and therefore choosing sufficiently large gain kα > 0 results in stabilization of the unknown system and a gradient descent of the unknown function h(x, t).
2) The on-average gradient descent takes place relative to the actual unknown function h(x, t), although only its noise corrupted measurement y(x, t) = h(x, t) + n(t) is available. ESCO is well suited for problems of unknown and timevarying control direction, which is exactly the type of problem we face here, since reflected power cannot be directly correlated with a required direction of motion for an actuator. Utilizing ESCO allows us to both maintain a cavity at a desired resonance frequency and also to dynamically modifying its resonance frequency to track an unknown time-varying frequency of an RF source, thereby maintaining maximal cavity field strength, based only on power-level measurements.
This brief is organized as follows. In Section II, we provide a quick review of RF cavity electrodynamics. In Section III, we discuss the possibility and difficulties of reflected-powerbased resonance control. In Section IV, we present the experimental results of implementation of a slug-tuner-based adaptive resonance controller on a normal conducting 201.25-MHz RF cavity. In Section V, we present the experimental results of the implementation of a piezoelectricbased resonance controller on a tesla-type single-cell 1.3-GHz RF superconducting cavity at room temperature [27] .
II. RF CAVITY ELECTRODYNAMICS
Consider a hollow right cylindrical conducting cavity, as shown in Fig. 1 . The 010 transverse magnetic resonant mode, commonly referred to as the TM 010 mode, is used for acceleration in such a structure because in this mode, the electric field is directed along the axis, where the particles will pass and need to be accelerated, and the magnetic field is zero in the axis, growing to a maximum near the cavity walls, far away from the electrons or protons that need to be accelerated, and can be used for probing or coupling to the fields in the cavity. The TM 010 mode has electric and magnetic field components
where J 0 and J 1 are Bessel functions of the first kind with zero and first order [1] , [28] . The resonant frequency is
where c is the speed of light and R c is the inner radius of the cavity. In this accelerating mode, the electric field has only a z-component, down the axis of the cavity, and is therefore useful for acceleration, while the magnetic field has only azimuthal component and is zero in the axis, as shown in Fig. 1 . For example, the resonant cavities used at the Los Alamos National Laboratory linear particle accelerator have 201.25-MHz RF fields and radii of approximately 0.57 m. The geometry of an RF cavity is constantly perturbed by, among other things, deformations due to temperature change and vibrations. The high-power RF fields in the cavities are sustained by currents in the cavity walls, which, through resistive losses, deposit large amounts of energy. The temperature of the cavities must therefore be controlled both to prevent melting and to sustain a precise designed resonant frequency, so that the RF source providing power to the cavity is well matched. Another source of temperature change is the time-varying environment. In the case of superconducting cavities, which maintain higher electromagnetic fields, an additional cause of resonance shift is from the accelerating fields themselves, which physically deform the cavity structure via Lorentz force detuning by the interaction of the electric and magnetic RF fields with the electrons in the cavity walls [29] and which happen on much faster time scales (microseconds) than in the case of temperature variation (seconds-hours).
Equation (5) is accurate in the case of a perfect cylindrical cavity. In practice, cavity geometries are more complicated and geometry variations of a cavity, due to temperature fluctuations or vibrations, take place unevenly, resulting in nontrivial geometric deformations of cavity geometry and complicated resonance shifts. A powerful method for approximating a small resonance shift of a resonant structure due to an arbitrary small change in cavity volume is provided by the Slater perturbation theorem [30] , which relates a small shift in resonance frequency ω 0 to the addition or removal of a small volume Vol from the cavity volume Vol according to
Furthermore, the response of a single mode of a resonant cavity can be approximately modeled as an RLC circuit (Fig. 2) , with dynamics
where V (t) is the cavity's accelerating voltage, I (t) is the driving current, C is a capacitance, and L is inductance, such that ω 0 = (1/ √ LC), and Q = f 0 / f 1/2 is the cavity quality factor, where f 0 = ω 0 /2π and f 1/2 is the cavity half-power bandwidth.
For RF driving current of the from I (t) = cos(ωt), at steady state, the cavity field is proportional to
where γ is the detuning factor, which for large Q is approximately given by and reflected power is proportional to
If the difference between driving frequency ω and resonant frequency ω 0 is large, the reflected power can result in both damage to the RF source and insufficient power in the cavity to reach desired accelerating field levels. Therefore, slow and limited precision temperature control is not sufficient. High-accuracy fast resonance control of cavities is possible by physically deforming the cavity volume. In the case of normal confuting cavities, it is performed via tuning of mechanical slugs by electric stepper motors, as shown in Fig. 3 , which modify cavity resonance as estimated by (6) . As we approach the cavity walls, the electrical field of the accelerating mode decays to zero, while the magnetic field grows to a maximum amplitude, as shown in Fig. 1 . Near the wall of the cavity, for a small slug displacement δ, from some initial position δ 0 , we can estimate E ≈ 0 and B(r ) ≈ B 2 (R c ), where R c is the radius of the cavity.
Considering a slug of radius r s , for small perturbations δ, we approximate (6) as
. (11) Because of the squared frequency error (ω − ω 0 ) 2 = ω 2 0 in (10), the observed reflected power does not determine the direction of resonance shift ω 0 . However, for a frequency offset ω 0 , the phase difference between the cavity field and the driving field ψ satisfies
Therefore, by measuring the phase difference between the driving and cavity fields and combining (11) and (12), one is able to determine in which direction to move in order to compensate for temperature-induced resonance shift. The difficulty with this approach is in its requirement of a precise phase difference measurement. There is always an arbitrary phase shift introduced by the cables through which the RF signals are transported for the measurement. Such arbitrary phase offsets must be calibrated out by considering the reflected power from a frequency-perturbed cavity (10), which has a minimum when the cavity is at resonance. A typical calibration procedure is performed by first sweeping a range of slug positions. Once a minimum in reflected power is found, the cavity is known to be at resonance, at which point the arbitrary phase measurement ψ is set to zero to calibrate out cable lengths. At that point, a regular PID-type feedback controller can be used to maintain the cavity at resonance ω 0 , by utilizing (11) and the measurement (12) . However, whenever maintenance is performed or any equipment or cables are modified, the calibration must be redone. Furthermore, because the RF cables throughout accelerators are constantly experiencing temperature variations, their lengths are time-varying quantities whose slow variations continuously introduce uncalibrated offsets into the feedback system. Finally, many of the phase difference measurement devices themselves are temperature sensitive and may introduce arbitrary time-varying phase shift into the signal, which causes the resonance controller to incorrectly move the cavity off resonance.
III. POWER MEASUREMENT BASED CONTROL
If the resonance of the cavity has shifted from its nominal value, ω 0 to ω 0 + (t), due to mechanical changes, such as expansion and contraction due to temperature change or vibration, and the influence of the slug on the cavity resonance (11) is taken into account, the reflected power (10) is proportional to
Typically, an RF system is set up to provide the cavity with a field at its design resonance frequency, ω = ω 0 , so the reflected power is then proportional to
which has a global minimum at
as shown in Fig. 4 . In our power-based approach, (t) is unknown and therefore so is δ (t). In order to overcome the control direction ambiguity, we utilize model-independent ESCO, which automatically detects in which direction a slug tuner or piezo actuator must move in order to minimize reflected power, as described in the experimental results.
IV. SLUG TUNER EXPERIMENTAL RESULTS
The normal conducting cavity-slug-based experimental setup is shown in Figs. 3 and 5 , where the insulation has been pulled open to expose a test RF cavity with attached slugtuning stepper motor. The controller implemented in this case was a PXI-1000B crate. In order to minimize the unknown time-varying P r ( (t), δ), as given by (14), we utilize the ESCO feedbackδ whereP r = P r + n(t) is a noisy measurement of the reflected power P r ( (t), δ). According to (1)- (4), the average slug dynamics wereδ
performing a gradient descent toward the global minimum δ (t) of P r relative to δ. Not seen in the photo is the heat source that was used to periodically heat the cavity and cause it to move drastically off resonance, as shown in the first 15 min of Fig. 6 , where without feedback control, the reflected power is periodically dramatically increased. After 15 min, the ES feedback control (16) was activated in order to maintain minimized reflected power as shown in Fig. 6 . Zooming in, we can see the reflected power and slug tuner position when the heater was activated. The motor had to respond to keep the cavity at resonance. Fig. 7 demonstrates long-term (>2 days) results in which the controller both quickly responded to fast temperature variations created by the heater, on the minute time scale, and to larger slower environmental temperature variations, as seen by the overall large slug position drift over the course of 2 days while the reflected power was maintained at a minimum. In order to prevent always persistent ESCO oscillations, it is possible to utilize a nondifferentiable form in which the system's control efforts settle to zero as equilibrium is approached [31] . However, in this brief, we simply introduced a dead zone so that the controller output is turned OFF when the reflected power is within a desired minimal range, as shown in Fig. 7 .
V. PIEZOELECTRIC EXPERIMENTAL RESULTS
In superconducting cavities, in addition to temperature variation, a significant resonance shifting effect may be due to the electromagnetic fields exerting a Lorentz force on the electrons moving in the cavity walls, resulting in a pressure of the form
which causes a physical deformation of the cavity geometry, altering the cavity volume, and resulting in a resonance shift as calculated above via the Slater perturbation theorem (6) .
Because the RF fields turn on extremely fast, Lorentz force compensation must take place at microsecond time scales, and therefore, piezoelectrics are commonly used in order to compensate for Lorentz force detuning by squeezing or stretching the RF cavity, as shown in the setup in Fig. 8 [32]- [36] .
A. Experiment Setup and Limitations
Our proof of principle setup was limited by a 1-W amplifier, which quickly reached its current limit while charging the piezos, limiting our ability to shift the cavity resonant Fig. 9 . Cavity field quickly drops when the RF source frequency is shifted away from the cavity resonant frequency. Once feedback is activated, the cavity is quickly deformed in order to match the cavity resonance frequency to that of the RF source. frequency by ∼200 kHz, which corresponded to a phase shift of ∼30°/0.15 s. In the future, we plan on repeating the results presented in this section with a commercially available 1-kW amplifier, which will allow us to achieve a 40°phase shift in 150 μs, allowing phase modulation rates that are useful for Lorentz force compensation.
As shown in Fig. 8 , a proof of principle experiment was conducted with a single-cell TESLA-type 1.3-GHz cavity at room temperature and at low power. In the current setup, we were limited in RF power and unable to create large enough fields for Lorentz force detuning, and we instead tested the algorithm by shifting the frequency of the input RF drive signal away from resonance and then used the piezos to quickly compensate by deforming the cavity so that its resonance frequency would tracking the time-varying input frequency of the source. Furthermore, in this experiment, the temperature of the cavity was not controlled and therefore was slowly changing throughout the day; however, this slower time scale effect was not measured as it was automatically compensated for by the piezos, as shown in Section IV.
B. Feedback Control
Unlike the simple slug setup in the normal conducting cavity setup, the deformation due to piezo actuator forced compression causes a nontrivial geometric change in the cavity volume and cannot be calculated analytically. The work has been done to develop coupled electromagnetic RF cavity and Lorentz force models, with mechanical resonance models in order to study the overall electromechanical behavior; however, such model-dependent approaches face the same time varying phase-ambiguity as described above. We utilize the simple model-independent approach as described above, slightly modifying the procedure to maximize the measured cavity field level, which is equivalent to minimizing reflected RF power. The feedback controller is implemented according asv
with constraints
where v p is the voltage driving 4 piezo stack actuators and V c (v p , t) is the measured cavity voltage. Note that we have replaced +k with −k, which according to the results of [23] , [24] has average dynamicṡ
which is now a gradient ascent of |V c (v p , t)| relative to piezo driving voltage v p , maximizing the cavity field.
C. Experimental Results
In our first experiment, we powered the cavity with RF at the resonant frequency for 7 s, and we then shifted the RF source frequency by ∼100 kHz, resulting in a large drop in cavity field magnitude. We then turned ON the feedback controller at t = 12 s, which activated the piezoelectric actuator and quickly matched the cavity resonance to the RF frequency in order to restore maximal field strength. The results of this first experiment are shown in Fig. 9 .
In our second experiment, we introduce a time-varying sinusoidal frequency modulation of the input RF signal, which results in a sinusoidal cavity field amplitude droop. We then activated the feedback controller which automatically modulated the piezoelectric in order to track the RF signal's time-varying frequency with the resonance frequency of the cavity, as shown in Fig. 10 .
Note that in both experiments, the control signal, which was the voltage output to the piezoelectric element, was saturated within [0, 0.5], as can be seen in the bottom detailed parts of Figs. 9 and 10. Because of the adaptive nature of this feedback controller, such discontinuities and the noisy voltage readings did not disrupt the feedback loop, which on average, quickly tracked RF source frequency, maximizing the accelerating gradient in the RF cavity.
VI. CONCLUSION
We have demonstrated a very simple model-independent and, therefore also, phase-measurement-independent resonance control approach for RF cavities by utilizing a recently developed form of bounded ES, which can handle time-varying systems. This approach works based only on cavity field or reflected power measurements and is therefore not susceptible to the time-varying drifts that all phase-sensitive systems face. This method allows us to both maintain a cavity at a desired resonance frequency and also to deform the cavity itself, modifying its resonance frequency to track a time-varying frequency of an RF source, thereby maintaining maximal cavity field strength.
We plan to continue this brief by conducting piezoelectricbased resonance control of a superconducting TESLA-type cavity in superconducting mode with high-power RF so that Lorentz force detuning is significant and the Q of the cavity will dramatically increase, making cavity resonance and phase much more sensitive to piezo settings, which will make the experiment more difficult and more interesting.
